This paper proposes a dynamic routing and wavelength assignment (RWA) scheme in multifiber WDM networks with wavelength conversion capability. In multifiber WDM networks, each link consists of multiple fibers. Thus, multiple lightpaths with the same wavelength can be established in the same link as long as they use different fibers. In WDM networks with wavelength conversion, the network nodes have wavelength conversion capability which can convert one wavelength to another. In order to efficiently utilize multifiber and wavelength conversion capability, an appropriate RWA scheme is necessary. The proposed scheme provides RWA for multifiber WDM networks with sparse and full wavelength conversion capability. In the proposed scheme, a route and wavelengths are selected for each lightpath based on wavelength availability and location of nodes with wavelength conversion capability. Through simulation experiments, we show that the proposed scheme reduces the blocking probability of lightpath establishment efficiently.
Introduction
In recent years, WDM optical networks have been expected as a platform for next-generation networks to support the explosive increase in traffic volume on the Internet. The WDM technology increases the capacity of a fiber optic link by simultaneously transmitting multiple signals along lightpaths with different wavelengths over a single fiber (Karasan & Banerjee, 1998) . Furthermore, multifiber environments enhance the performance of the WDM networks such as the blocking probability of lightpath establishment (Baroni et al., 1999; Li & Somani, 2000; Nomikos et al., 2006; Rahbar, 2010) . In multifiber WDM networks, each link consists of multiple fibers, and thus multiple lightpaths with a common wavelength can be established in the same link as long as they use different fibers. Moreover, wavelength conversion techniques which convert one wavelength to another at intermediate nodes can also enhance the performance of WDM networks (Chu et al., 2003; Ramamurthy & Mukherjee, 1998; Subramaniam et al., 1996) .
In this paper, we focus on full and sparse wavelength conversion. A WDM network is referred to as a network with full wavelength conversion if all nodes have wavelength conversion capability. On the other hand, in a WDM network with sparse wavelength conversion, only a subset of the network nodes has wavelength conversion capability. Furthermore, we can categorize wavelength conversion capability into full-range and limited-range wavelength conversion. The full-range wavelength conversion means that a given wavelength can be converted to any wavelength. In contrast, if a given wavelength can be converted to a limited number of wavelengths at anode with wavelength conversion capability, the wavelength conversion technology is referred to as limited-range wavelength conversion. In this paper, we assume that nodes with wavelength conversion capability can convert a wavelength to any wavelength (i.e., full-range wavelength conversion). Under this assumption, we aim to enhance the performance of multifiber WDM networks with full and sparse wavelength conversion.
Although RWA is categorized to static and dynamic, we focus on dynamic RWA in which lightpaths are dynamically established as lightpath-setup requests arrive (Zang et al., 2001) . The performance metric in networks using dynamic RWA is typically the blocking probability of lightpath establishment. A lightpath must use a common wavelength in all links along a route if there are no nodes with wavelength conversion capability along the route (i.e., wavelength continuity constraint). Thus we need an appropriate RWA scheme which considers location of nodes with wavelength conversion capability in order to reduce the blocking probability of lightpath establishment.
In the past, several dynamic RWA schemes have been proposed for multifiber WDM networks (Coiro et al., 2011a; Coiro et al., 2011b; Dewiani et al., 2011; Kim et al., 2006; Liu, 2009; Xu et al., 2000) . The authors in (Coiro et al., 2011a; Coiro et al., 2011b) provided power-aware dynamic RWA which considers not only blocking performance but also power consumption and energy efficiency in multifiber WDM networks. In Dewiani et al. (2011) , the authors proposed a dynamic RWA scheme which selects a combination of a route and a wavelength based on wavelength availability collected by backward reservation signaling. In Kim et al. (2006) , the authors proposed three dynamic RWA schemes named MCR, LSNLR, and F(w,l) . These schemes first select a route among the pre-determined routes and then they select a wavelength based on wavelength availability. The author in Liu (2009) proposed an algorithm named ICJ which avoids the generation of bottleneck links by appropriately assigning wavelengths. In Xu et al. (2000) , the authors proposed two RWA schemes named PACK and SPREAD. They select a combination of a route and a wavelength based on some metric associated with each combination. Although these RWA schemes enhance the performance of multifiber WDM networks, they do not consider wavelength conversion capability. Therefore, they cannot be directly applied to multifiber WDM networks with wavelength conversion. This paper proposes a dynamic RWA scheme for multifiber WDM networks with wavelength conversion. In the proposed scheme, a route and wavelengths are selected for each lightpath based on wavelength availability and location of nodes with wavelength conversion capability. Specifically, the proposed scheme divides each route into segments between nodes with wavelength conversion. Then, the proposed scheme selects a route based on wavelength availability in segments and assigns a least-used wavelength to each segment on the selected route. By doing so, the proposed scheme aims to avoid the depletion of a specific wavelength in each link and the generation of bottleneck links. As a result, the proposed scheme is expected to reduce the blocking probability of lightpath establishment effectively in multifiber WDM networks with wavelength conversion.
The rest of this paper is organized as follows. In Section 2, we explain multifiber WDM networks and wavelength conversion. Section 3 explains our proposed scheme. In Section 4, the performance of the proposed scheme is discussed with the results of simulation experiments. Finally, we conclude the paper in Section 5. 
Multifiber WDM Networks with Wavelength Conversion
In multifiber WDM networks, multiple lightpaths can be established with the same wavelength in the same link as shown in Figure 1 , where each link has two fibers. In this figure, we assume that a lightpath with a given wavelength from fiber 1 in input link 1 to fiber 2 in the output link has already been established at the intermediate node. If the number of fibers in the output link is 1, i.e., single fiber link, a new lightpath for the output link cannot be established with the same wavelength. On the other hand, in multifiber networks, a new lightpath with the same wavelength can be established through a different fiber of the output link as long as the wavelength is available in the fiber as shown in the figure. Thus multifiber environments improve the blocking performance of WDM networks.
The wavelength conversion technology further improves the blocking performance of WDM networks. In sparse wavelength conversion networks, a subset of the network nodes has full-range wavelength conversion capability. On the other hand, in full wavelength conversion networks, all network nodes have full-range wavelength conversion capability. Specifically, in the network nodes, a given wavelength can be converted to any wavelength. We show an example with Figure 2 , where each link has two fibers. In this figure, we assume that fibers 1 and 2 in the output link have already been used by lightpaths with wavelength w 1 . In this case, a new lightpath with the same wavelength cannot be established in the output link. Thus, the new lightpath establishment with wavelength w 1 is blocked if the node does not have wavelength conversion capability. On the other hand, if the node has wavelength conversion capability, the new lightpath can be established by converting an input wavelength (i.e., w 1 in the figure) to an available wavelength (i.e., w 2 in the figure).
There are some wavelength converter architectures such as a dedicated wavelength converter, a share-per-node wavelength converter, and a share-per-link wavelength converter (Ramamurthy & Mukherjee, 1998) . In the dedicated wavelength converter architecture, each signal in each fiber has a dedicated wavelength converter. Specifically, a wavelength of incoming optical signal can be always converted to any wavelength as long as the wavelength is available at the output fiber. In the share-per node wavelength converter architecture and the share-per-link wavelength converter architecture, wavelength converters are shared with signals in a node and an output fiber link, respectively. In this paper, we use the dedicated wavelength converter architecture for nodes with wavelength conversion capability. 
Proposed Scheme

Overview
The proposed scheme provides an RWA approach for multifiber WDM networks with wavelength conversion. In the proposed scheme, a route between a sender node and a receiver node is selected from a set of pre-defined routes which are link-disjoint paths, i.e., paths which do not share a link, and a wavelength is selected along the selected route. The proposed scheme considers location of nodes with wavelength conversion capability in route www.ccsenet.org/nct Network and Communication Technologies Vol. 1, No. 2; 2012 and wavelength selection. In particular, the proposed scheme divides each path to segments between nodes with wavelength conversion capability as shown in Figure 3 . Then the proposed scheme selects a route among pre-defined paths and assigns wavelengths to segments along the selected route in such a way as to avoid the generation of bottleneck links and the depletion of a specific wavelength.
To do so, the proposed scheme selects a route based on wavelength availability in each segment. A bottleneck link is generated when traffic concentrates in a certain link and all wavelengths in the link are in simultaneous use. In this case, further lightpaths cannot be established in the link. Therefore, we expect to reduce the blocking probability by avoiding the generation of bottleneck links. In order to distribute loads and avoid the generation of bottleneck links, the proposed scheme preferentially selects a route which has segments with many available wavelengths.
Furthermore, it is not preferable that a specific wavelength is used in all fibers on a link. A lightpath must use a common wavelength along a segment due to wavelength continuity constraint. Therefore, a wavelength cannot be used in cases where the wavelength is already used in all fibers on a certain link of a segment even if the wavelength is available in other links of the same segment. Thus, in order to avoid this situation, the proposed scheme selects a route based on usage of each wavelength in each link and preferentially assigns a least-used wavelength to each segment on the selected route.
The Procedure of the Proposed Scheme
In what follows, we explain the detail of the proposed scheme.
Construction of Pre-defined Paths
The proposed scheme selects a route from a set P of pre-defined link-disjoint paths. In order to construct those pre-defined paths, the proposed scheme adopts the following simple algorithm (Dewiani et al., 2011) for each pair of a sender node and a receiver node. Let G = (V, E) denote a directed graph, where V and E denote sets of nodes and links, respectively. At first, the proposed scheme finds the shortest path from a sender node to a receiver node on G, using Dijkstra's algorithm, and adopt the path as a link-disjoint path. Then the links along the path are removed from G. The proposed scheme finds the new shortest path on the resulting graph and the path is adopted as a new link-disjoint path. The procedure is repeated as long as there are routes from the sender node to the receiver node.
Route and Wavelength Selection
The proposed scheme divides each path p ∈ P between a sender node and a receiver node to segments s i (i=1, 2, …, N p +1) between nodes with wavelength conversion, where N p denotes the number of intermediate nodes with wavelength conversion capability along the path p. Note that the starting point of s 1 is the sender node and the ending point of s Np+1 is the receiver node. We define cost C p of path p ∈ P as
where A s denotes the set of available wavelengths in segment s, and c w,s denotes the cost of wavelength w in segment s. We define c w,s as follows: (2) where E s denotes the set of links in segment s, n w,l denotes the number of link l's fibers in which wavelength w is already used, F l denotes the set of fibers in link l, u l,f denotes the number of used wavelengths in fiber f on link l, and W l,f denotes the number of wavelengths supported by fiber f on link l. Note that these information along routes is collected by some schemes (e.g., Dewiani et al., 2011) .
The proposed scheme selects a path with the smallest cost C p as a route for a new lightpath. If C p is infinity for all paths, the new lightpath establishment is blocked. Note that if there are two or more paths with the minimum cost, the proposed scheme selects a path with shorter hops. If the numbers of hops among them are the same, the proposed scheme selects one randomly. Also, the proposed scheme assigns a wavelength with the smallest cost to each segment s ∈ p along the selected path p. Specifically, the proposed scheme uses wavelengths selected in (1), i.e., wavelength w with the smallest cost c w,s in each segment s ∈ p. If there are multiple candidates, the proposed scheme selects one randomly. We summarize the procedure of the proposed scheme in Figure 4 . Figure 4 . The procedure of the proposed scheme As it can be seen from (1) and (2), the cost increases with the sum ∑ f∈Fl u l,f of numbers of wavelengths used in link l. Also, the cost decreases with the increase in the number |A s | of available wavelengths in segment s. Thus, the proposed scheme tends to select a route which has segments with many available wavelengths as mentioned in Section 3.1. Moreover, the cost increases with the number n w,l of link l's fibers in which wavelength w is used. Therefore, we affirm that the proposed scheme selects a route based on usage of each wavelength in each link.
An Example of the Proposed Scheme
We show an example of the proposed scheme in Figure 5 , where U i (i=1,2,3) in each link denotes the set of already used wavelengths in fiber i. We assume that each link consists of three fibers and each fiber supports three wavelengths w 1 , w 2 , and w 3 . In this figure, there are two pre-defined paths p and p' between the sender node and the receiver node. Path p is divided into segments s 1 and s 2 by the node with wavelength conversion capability (denoted by node with WC). Segmentss 1 includes links l 1 and l 2 , and segment s 2 includes link l 3 . Also, path p' is divided into segmentss' 1 and s' 2 . Segments s' 1 and s' 2 include links l 4 and l 5 , respectively.
We first calculate the cost C w1,s1 of wavelength w 1 for segment s 1 from (2). Segment s 1 consists of links l 1 and l 2 (i.e., l 1 , l 2 ∈ E s1 ). As we can see from Figure 4 , n w1,l1 = 0, ∑ f∈Fl1 u l1,f = 2, and ∑ f∈Fl1 W l1,f = 9. Similarly, n w1,l2 = 1, ∑ f∈Fl2 u l2,f = 3, and ∑ f∈Fl2 W l2,f = 9. Thus, the cost C w1,s1 of wavelength w 1 in segment s 1 is 0×2/9+1×3/9= 1/3. Also, we can calculate cost c w,s of each wavelength w in each segment p as shown in Table 1 . Note that C w1,s2 and C w3,s'2 are ∞ because wavelengths w 1 and w 3 cannot be used in links l 3 and l 5 , respectively. In segment s 1 , wavelength w 1 is selected because C w1,s1 is the smallest in segment s 1 . Furthermore, in segment s 2 , wavelength w 3 is selected. Since wavelength w 1 cannot be used in link l 3 of segment s 2 (i.e., A s2 = {w 2 , w 3 }), |A s1 | and |A s2 | are 3 and 2, respectively. As a result, C p is (1/3)/3 + (2/3)/2 = 4/9 (see (1)). Similarly, we can calculate
Step 1. For each sender-receiver pair, a set P of pre-defined link-disjoint paths is constructed from a directed graph G = (V, E).
Step 2.Each path p ∈ P between a sender node and a receiver node is divided into segments s i between nodes with wavelength conversion.
Step 3. Whenever a lightpath-setup request arrives, a route and wavelengths are selected as follows.
Step 3-1. For each path p ∈ P between the sender and the receiver nodes of the lightpath, the cost C p is calculated with (1) and (2), and the path with the smallest cost is selected as a candidate route.
Step 3-2. The wavelength w with the smallest cost c w,s , which is calculated with (2), is selected in each segments along the selected route.
Step 3-3. The lightpath is established with the selected wavelengths along the selected route. the cost of C p' . In this example, C p' is (4/9)/3 + (14/9)/2 = 25/27 and C p is smaller than C p' . Thus, the proposed scheme selects path p and assigns wavelengths w 1 and w 3 to segments s 1 and s 2 , respectively. Figure 6 . Network model
Performance Evaluation
Model
To evaluate the performance of the proposed scheme, we conduct simulation experiments with the network topology shown in Figure 6 . It consists of 24 nodes and 43 bidirectional links, and N nodes have wavelength conversion capability. If N is 24, the network has full wavelength conversion capability. If N is 0, there are no nodes with wavelength conversion capability. For simplicity, we assume that the propagation delay of each link is equal to 0.1 [msec] , and processing time of signaling at each node is 0.01 [msec] . Holding time of each lightpath follows an exponential distribution with mean L= 1000 [sec] . At each node, lightpath-setup requests are generated according to a Poisson process with rate λ. The destination of each request is independently chosen equally likely among all possible nodes. As a signaling protocol to establish lightpaths, we use wavelength routing with backward reservation (Yuan et al., 1999) . We define ρ as the offered load per wavelength on a fiber:
where W denotes the number of wavelengths supported by each fiber and F denotes the number of fibers in each link. Under the above assumption, we conduct simulation experiments with the self-produced C++ network simulator. As a computer for simulation experiments, we use DELL PRECISION T7500 with Intel Xeon 2.80 GHz CPU and 12 Gbyte RAM. We collect 30 independent samples from simulation experiments, and 95% confidence intervals are shown (even though most of them are invisible).
For the sake of comparison, we use the following two RWA schemes. In the first RWA scheme, a path with the shortest hops is preferentially selected. Then the selected path is divided into segments between nodes with wavelength conversion capability, similar to the proposed scheme. This scheme assigns a randomly selected wavelength to each segment. We refer to this scheme as SR (shortest path routing and random wavelength assignment), hereafter.
The second RWA scheme is WLCR-FF (Chu et al., 2003) . This scheme is used in single fiber WDM networks with sparse or full wavelength conversion. In this scheme, a path which has many available wavelengths is preferentially selected and a wavelength for each segment in the selected path is assigned in a first-fit manner.
Simulation Results
Sparse Wavelength Conversion Network
First, we examine the performance of the proposed scheme under sparse wavelength conversion environments.
To do so, we randomly select 8 nodes as nodes with wavelength conversion capability (i.e., N = 8). Figure 7 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W=4 and F=4. Note that the blocking probability of lightpath establishment is defined as blocking probability of lightpath establishment = the number of blocked lightpath-setup requests the total number of lightpath-setup requests
As it can be seen from Figure 7 , the blocking probability of SR is high because it does not consider wavelength availability and frequently generates bottleneck links. On the other hand, WLCR-FF and the proposed scheme reduce the blocking probability of lightpath establishment because they effectively utilize wavelength resources. We also observe that the proposed scheme reduces the blocking probability more efficiently than WLCR-FF. This is because WLCR-FF does not consider multifiber environments. On the other hand, the proposed scheme selects routes and wavelengths, considering wavelength availability in fibers. Thus the proposed scheme can utilize wavelength resources more efficiently than WLCR-FF in multifiber WDM networks. As a result, the proposed scheme exhibits an excellent performance. We then demonstrate the robustness of the superior performance of the proposed scheme against system parameter values such as the number W of wavelengths supported by each fiber and the number F of fibers in each link.
First, we examine the performance of the proposed scheme against the number F of fibers in each link. Figure 8 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W=4 and F=12. As we can see from this figure, the proposed scheme exhibits an excellent performance like the result with F=4 shown in Figure 7 . Figure 9 shows the blocking probability of lightpath establishment as a function of the number F of fibers in each link, where W=4 and ρ= 0.6. As shown in this figure, the blocking probability of each scheme decreases with the increase in F because multifiber links fill the role of limited-range wavelength conversion. We also observe that the proposed scheme efficiently reduces the blocking probability, regardless of the number F of fibers in each link.
Next, we examine the performance of the proposed scheme against the number W of wavelengths supported by each fiber. Figure 10 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W=12 and F=4. As we can see from this figure, SR has the high blocking probability. We also observe that the proposed scheme reduces the blocking probability more efficiently than WLCR-FF. This result is similar to the result with W=4 shown in Figure 7 . Figure 11 shows the blocking probability of lightpath establishment as a function of the number W of wavelengths supported by each fiber, where F=4 and ρ=0.6. We observe that the blocking probability of each scheme decreases with the increase in W because of the large-scale effect. We also observe that the proposed scheme reduces the blocking probability more efficiently than other schemes. We conclude that the proposed scheme efficiently reduces the blocking probability of lightpath establishment regardless of the number W of wavelengths supported by each fiber. 
Full Wavelength Conversion Network
Next, we examine the performance of the proposed scheme under full wavelength conversion environments. To do so, the number N of nodes with wavelength conversion capability is set to 24. Figure 12 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W = 4 and F = 4. We observe that the blocking probability of SR is high and the blocking probability of WLCR-FF is medium, similar to the result in sparse wavelength conversion. We also observe that the proposed scheme efficiently reduces the blocking probability.
We examine the impact of the number F of fibers in each link. Figure 13 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W = 4 and F = 12. As shown in this figure, the proposed scheme exhibits an excellent performance even if the number of fibers increases. Figure 14 shows the blocking probability of lightpath establishment as a function of the number F of fibers in each link. From this figure, we observe that the blocking probability of each scheme decreases with the increase of the number F of fibers in each link, and the blocking probability of the proposed scheme is the smallest.
We also examine the impact of the number W of wavelength supported by each fiber. Figure 15 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W = 12 and F =4. Furthermore, Figure 16 shows the blocking probability of lightpath establishment as a function of the number W of wavelengths, where F=4 and ρ=0.6. From these figures, we observe that the proposed scheme shows an excellent performance like the results in sparse wavelength conversion. Thus we conclude that the proposed scheme works efficiently, regardless of the number of nodes with wavelength conversion capability. 
No Wavelength Conversion Network
The proposed scheme is expected to efficiently work even if there are no nodes with wavelength conversion capability. To show the performance of the proposed scheme in such networks, the number N of nodes with wavelength conversion capability is set to be 0. Figure 17 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W = 4 and F = 4. We observe that the blocking probability of SR is high and the blocking probability of WLCR-FF is medium. We also observe that the proposed scheme efficiently reduces the blocking probability.
Next, we examine the impact of the number F of fibers in each link. Figure 18 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W = 4 and F = 12. As shown in this figure, the proposed scheme exhibits an excellent performance even if the number of fibers increases. Figure 19 shows the blocking probability of lightpath establishment as a function of the number F of fibers in each link. From this figure, we observe that the blocking probability of each scheme decreases with the increase of the number F of fibers in each link, and the blocking probability of the proposed scheme is the smallest.
We also examine the impact of the number W of wavelengths supported by each fiber. Figure 20 shows the blocking probability of lightpath establishment as a function of the offered load ρ, where W = 12 and F =4. Furthermore, Figure 21 shows the blocking probability of lightpath establishment as a function of the number W of wavelengths, where F=4 and ρ=0.6. In these figures, the proposed scheme shows an excellent performance like the results in sparse wavelength conversion.
These results are similar to the results in sparse and full wavelength conversion. Thus we conclude that the proposed scheme work efficiently even if there are no nodes with wavelength conversion capability. 
Conclusion
This paper proposed a dynamic RWA scheme for multifiber WDM networks with wavelength conversion capability. In the proposed scheme, a route and wavelengths are selected for each lightpath based on wavelength availability in links and location of nodes with wavelength conversion capability. Through simulation experiments, we observed that the proposed scheme efficiently reduces blocking probability in sparse wavelength conversion networks. Furthermore, we demonstrated the robustness of the superior performance of the proposed scheme against system parameter values such as the number of wavelengths supported by each fiber and the number of fibers in each link. We also showed that the proposed scheme works well in networks with full wavelength conversion capability and networks without wavelength conversion capability. As the future work, we will consider the effect of physical layer impairment which reduces the performance of the optical networks and propose RWA schemes to resolve the physical layer impairment problem.
